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ABSTRACT  
First applied in the 1980’s, the artificial replenishment of sediments is one technique proposed to solve the problem of 
sediment deficit downstream dams. The present experimental research aims at improving the technique of river 
replenishment and at providing an engineering answer and framework for its application. A systematic series of 
laboratory tests are run to understand the hydrodynamics of the river flow when the replenishment technique is applied. 
Erodible volumes, with different lengths (occupancy of the replenishment volume is 1/3 of the channel width) and 
submergence conditions (100% and 130% submergence of the replenished volume), reproducing sediment 
replenishments volumes, are placed along a channel bank. Different geometrical combinations (single volume, double 
aligned volumes, double aligned half-volumes, double alternated half-volumes) of erodible sediment volumes are tested. 
The influence of discharge, the distance travelled by the eroded sediments and the time evolution of the erosion process 
are presented and discussed. 
Keywords: River replenishment, Sediment supply, Erosion of sediment 
1. STATE OF THE ART  
In the downstream reaches of dams, the solid transport is altered by the dam presence. Regardless their purpose, every 
dam traps the sediments upstream, especially during floods, in other words dams constitute an obstacle to natural 
sediment transport (Brandt 2000, Petts et al. 2005, Grant et al. 2013). The absence of sediment transport induces many 
negative changes in rivers. A tendency to bed erosion, a consequent generation of an armoured layer and a coarsening 
of the bed and a depletion of fish habitats have been observed (Kondolf 1997). Moreover, the lack of solid transport has 
morphological effects on downstream dam reaches, related to riverbed incision, bank instability and changes in channel 
width. The above-mentioned changes have a negative influence also on the present ecosystem along the river, inducing 
a loss in the aquatic and riparian habitats with consequences on the water quality (Power et al. 1996, Merz et al. 2006, 
Kantoush 2010). Due to the sediment transport reduction downstream of dams and to the armoured riverbed, the 
possibilities for fish spawning are limited.  
In order to supply sediments lacking in the downstream reaches, one of the most efficient proposed method is the 
replenishment of sediments also called gravel augmentation. The artificial addition of sediments into the rivers has the 
main purpose to recreate a natural solid transport (Balland 2004). Nowadays, the method is more often applied 
considering a specific grain size distribution (Wheaton et al. 2004, Gaeuman 2008). The replenishment of sediments 
technique has been used since the 80’s in the United States in more than 17 river reaches below dams (Kondolf et a. 
1991, Gaeuman 2012). The initial purpose was to add coarse sediments in order to recreate artificial spawning riffles 
intended to keep the spawning zone in place and also to improve salmonid spawning habitats. Many other experiences 
have been carried out also in Alpines Rivers in Germany and in Switzerland (Zeh and Donni 1994), and in several 
Japanese rivers in order to understand the complex geomorphological processes occurring in rivers and to provide an 
engineering answer to the application of this technique. Most of the field experiences show a complete erosion of the 
replenished volume and, through a monitoring campaign; effects of improvement were observed in riverbed formations 
and materials, benthic organisms and algae (Kantoush et al. 2010, Sumi et al. 2011). Nevertheless, few of the 
experimentations were not successful because the grains were not mobilized or transported by the flow (Kantoush et al. 
2010, Sumi 2009). On the Rhine River downstream of Iffezheim dam, in Germany, the approach has resulted successful 
in reducing further incision of the riverbed (Kuhl 1992, Kondolf and Minear 2004). The in-situ experimentations have 
  E-proceedings of the 36th IAHR World Congress, 
28 June – 3 July, 2015, The Hague, the Netherlands   
 
          
  
2 
demonstrated that the added sediments did not help in creating durable spawning grounds and it is necessary to add 
continuously additional material (Sumi et al. 2009, Kantoush and Sumi 2010, Ock et al. 2013, Pulg et al. 2013). Despite 
the good promising results obtained, it is still necessary to work in order to improve the replenishment of sediments 
technique (Kondolf 1997, Kantoush et al. 2010).  
In this context, the purpose of these laboratory tests is to evaluate the influence of discharge and to investigate how the 
erosion phenomena acts on the simulated replenishment volume. The replenishment volume is placed along the bank 
before the water starts to flow on the flume and the test is stopped when either the volume is completed eroded or the 
erosion process became to be too much time consuming. The submerge condition demonstrated to be influent on 
determining the erosion process, like multiple volumes showed to be easier erodible than a single volume. 
2. EXPERIMENTAL SETUP 
The test were ran in two geomorphological identical parallel flumes of 15 m long and 1.2 m width each one (Figure 1). 
The width of channel bed is 0.4 m and the bank slope is 2:3 (height : length). A pump spilling water from the inlet basin 
upstream, throughout the flume, supplies the water that reaches the outlet basin placed downstream. The discharge is 
regulated by an automatic control system.  
  
Figure 1. Left: picture of the laboratory facility; Right: sketch of the channel section.  
The grain size distribution, used for the channel bed and for the gravel forming the banks, is chosen considering an 
average distribution typical for the alpine rivers, as proposed by Hersberg (2002) ( 
Figure 2, left). In order to simulate an armored bed, a constant discharge was spilled into the flume washing out the 
smaller particles. The replenishment volumes are composed by grains having a smaller grain size distribution, varying 
between 5 mm and 8 mm. The choice takes into account the ecological needs for fishes spawning grounds, scaled down 
to the laboratory conditions. In order to perform a photo analysis of the morphological evolution during time, the grains 
composing the replenishment volumes were painted in red (Figure 2, right). The data analysis is performed by photo 
treatment as follows: detection of red pixels, subtraction of occupied surface by red grains, definition of the eroded 
surface and calculation of the travelled distance in time. 
  
Figure 2. Left: normalized average grain distribution for alpine rivers and for the mixture used in the experiments; Right: replenishment volume 
made with colored sediments placed in the channel.  
Single and multiple replenishment volumes were reproduced and tested on the flume as shown in Figure 3. In particular, 
four configurations were tested: single volume, double half aligned, double half alternated and double aligned (not shown 
in Figure 3). “Aligned” refers to volumes placed along the same bank, while “alternated” considers the volumes placed on 
opposite banks. In case of two single volumes places on the channel bank, the configuration is called “double”, while 
“half” indicates that the total amount of grains on the channel is equal to one single volume. In both cases, the distance 
between volumes is equal to the replenishment volume length. The discharge imposed upstream of the channel is 
indirectly determined by the submergence condition. The replenishment volume height is set constant, but the water 
height varies from a condition of completely submergence (100% of the volume is covered by water) to over 
submergence (130% of the volume is covered by water). 
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Figure 3. Representation of replenishments placed in the channel with the following configurations: left: single volume; middle: double half 
aligned volumes; right: half alternated volumes.  
3. PRELIMINARY RESULTS  
The replenishment of sediment technique is still considered a new methodology to solve the problem of lack of 
sediments downstream of dams and that explains the absence of universal parameters to be taken into account in the 
analysis of such technique. As preliminary results, the first analysis considers the following parameters characterizing 
the evolution and efficiency of the application of the replenishments: the average distance, the ratio perimeter-surface 
and the action distance. The average distance represents the distance travelled by sediments from the upper control 
section and the mobility of grains considering the time evolution. The ratio between perimeter and surface considers the 
total sum of elements perimeter and total sum of elements surface. The latter parameter proposes a way to evaluate the 
maximum distance until which the replenishment can be considered efficient. 
The configurations with half volumes and single volumes use the same amount of replenishment sediments, and the 
results show a slight difference in the average distance and action distance obtained. Nevertheless, the case with two 
half aligned volumes performs longer distance ran by the eroded grains which are spread also along the channel width ( 
Figure 4). The influence of the initial amount of sediments and their configuration play an important role: a larger 
quantity of grains runs longer distance and it is faster eroded by water in case of aligned volumes. In case of double 
volumes, the upstream replenishment plays as an obstacle for the water flow, which accelerates the flow inducing 
erosion of the downstream volume in less time compare to a single volume. 
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Figure 4. Average distance, action distance and ratio perimeter-surface for submerge condition of 100%. 
A higher submerge condition reduces the experimental time. The completely submerge condition (100%) is not enough 
for obtaining neither the same distance travelled by grains nor the same rate of erosion performed by the over 
submerged condition (130%) (Figure 5). The effect of submergence is most evident for two half aligned volumes: the 
maximal average distance achieved with 100% after four hours is overcame almost completely with 130%. Moreover, 
the action distance is almost doubled in one half of the experimental time (Figure 5).  
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Figure 5. Average distance, action distance and ratio perimeter-surface for submerge condition of 130%. 
4. CONCLUSIONS  
Through a series of systematic tests in laboratory, this research aims at studying the technique of river replenishment to 
understand the hydrodynamic changes once the replenishment is added into the reach, providing general 
recommendations for further applications of the method. The tests carried out deal with erodible volumes and different 
geometrical configurations, experienced with two submerged conditions. The preliminary results show that no 
morphological bed forms are yet created by the artificial gravel injection. An increased total amount of grains is 
necessary in order to achieve the results. The presence of one single volume placed along the bank is not significant in 
changing the flow behaviour, permitting a rapid erosion of the volume replenishment and consequent spread of this with 
no consequence in downstream valley. The introduction of a second volume showed interesting results. The flow 
behaviour is influenced by the upstream bed narrowing, and the replenishment placed more downstream is rapidly 
eroded by water, which has been accelerated by the replenishment volume. The erosion process and the action distance 
prone to be speed up by a higher water depth, almost halving experimental time in case of multiple aligned volumes. The 
real water behaviour and the turbulent water motion still needs to be deeply investigated. 
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